Introduction
In recent years, X-ray absorption spectroscopy (XAS), often termed near edge X-ray absorption fine structure, has undergone tremendous advances due to the intensity and high-resolution obtainable with synchrotron radiation. These sources provide XAS with a richness in structure that can match more traditional UV spectroscopy. In addition, the local nature of core orbitals means that XAS provides an atom specific probe of electronic structure. Surface science is an area of research that has exploited XAS extensively, providing a probe of the electronic structure of adsorbed molecules yielding information on their structure and bonding.
The adsorption of organic molecules on the Si(100) surface has attracted considerable interest. Much of this work is motivated by the potential of organic molecules adsorbed on Si(100) to form a basis for a new generation of electronic device within existing microelectronics technology. 1 The Si(100) surface undergoes a characteristic (2 × 1) reconstruction in which adjacent atoms pair to form Si-Si dimers. These weak Si-Si dimers are reactive toward the adsorption of unsaturated hydrocarbons. Early high-resolution electron energy loss spectroscopic studies concluded that acetylene and ethylene adsorb on Si(100) forming sigma bonds with the weak Si-Si dimers. This is accompanied by a rehybridisation of the carbons with the silicon atoms of the dimer remaining bonded. [2] [3] [4] Theoretical studies also support this view of the bonding of acetylene and ethylene to Si(100). [5] [6] The adsorption of benzene on the Si-(100) surface has been the subject of a large number of studies.
In a recent study, much of this earlier work was summarized and a comprehensive theoretical study reported. 7 The [4 + 2] configuration was found to be the structure at the global minimum.
Matsui and co-workers reported detailed studies of the carbon 1s XAS of acetylene and ethylene on the Si(100) surface. 8, 9 For acetylene, resonances at 284.7, 286.0, 287.6, and 300 eV were identified and assigned to excitations to π C-C showed significant shifts from their gas-phase values. This was attributed to the sensitivity of the location of the σ C-C / resonance to the C-C bond length. 10 This was used to estimate the C-C bond lengths of the adsorbed species, which were found to be 1.36 Å for acetylene and 1.52 Å for ethylene. 8 There has been considerable debate regarding the validity of exploiting shape resonances to estimate bond lengths, [11] [12] [13] [14] [15] [16] and a detailed discussion of this phenomena can be found elsewhere. 17 Recently, fully polarized XAS studies of acetylene and ethylene on Si(100) have been reported. [18] [19] These studies use a single domain Si(100) crystal and can probe the orientation of the adsorbed molecule with respect to the surface. Ethylene adsorbed on the surface showed a resonance at 291 eV; this was dominant with x-polarization but was also evident with y-polarization, where the C-C bond lies along the x-axis (see coordinates in Figure 1 ). This was assigned as the σ* resonance and occurs at 10 eV lower than in gas-phase ethylene, which is consistent with the observation that the σ* resonance shifts to lower energies with increasing bond lengths. 10 The presence of the σ* resonance in x and y-polarized spectra provides evidence for the C-C bond being rotated with respect to the Si-Si dimer of the surface. Additional resonances at 285.3 and 286.5 eV were assigned to σ Si-C / and σ C-H / , respectively. The σ Si-C / resonance appears weakly in the y-polarized spectra, which is consistent with the slight rotation of the C-C bond. The presence of the σ C-H / resonance in the z-polarized spectra indicates that the hydrogens are out of the plane of the C-C bond. For acetylene, a π C-C / resonance is observed at 283.8 eV. This resonance was observed in both parallel and perpendicular polarization spectra indicating the coexistence of two adsorption species. The σ Si-C / and σ C-H / resonances were found at 286.7 and 288.4 eV, respectively. The σ Si-C / resonance occurs 1.4 eV lower than ethylene, and a resonance at 299 eV was attributed to the σ C-C / excitation. The carbon 1s absorption spectrum of benzene has been measured and shown to be rich in structure. [20] [21] [22] The carbon 1s f π* excitation occurs at 285.1 eV. The absorption band lies between 284.5 and 286.5 eV and vibrational structure has been resolved and assigned. At higher energies below ionization, further discrete resonances are observed at approximately 287.2 and 288 eV and assigned to 3s and 3p Rydberg resonances, respectively. 22 These resonances are significantly weaker than the 1s f π* band with the 3s resonance more intense than the 3p resonance. Additional resonances have been assigned to 4s and 4p Rydberg resonances and further π* states. Substituted benzene rings show additional characteristic π* excitations at higher energy. 23 The carbon 1s f π* excitation has been studied in benzene clusters and shown to be red-shifted depending on the cluster size. 24 Kong et al. reported XAS spectra of benzene on Si(100). 25 The π* excitation was found at 285 eV. Weaker bands at 287.7 and 289.5 eV were assigned to σ C-H / and σ Si-C / orbitals. The σ C-C / resonance was located at 292.2 eV. Polarized and angle resolved XAS also has been used to probe the structure of benzene adsorbed on Si(100). 26 The spectra are dominated by a band at 284.8 eV assigned to 1s f π* excitations. This feature was evident in more than one polarization, indicating the adsorbed benzene is no longer flat. An additional weaker feature was observed at 286.9 eV. It was determined that benzene adopts the so-called "butterfly'' configuration corresponding to a 1-4-cyclohexadiene structure.
Experimental studies of XAS benefit greatly from theoretical calculations that can establish and quantify the relationship between the measured spectra and the underlying structural information. There are several approaches to the computation of XAS, and a wide variety of systems have been studied. Multiple scattering X R methods can be applied to study XAS in both discrete and continuum regions. 27 Ab initio methods can also be applied to study XAS and much of this work has been reported by Pettersson, Nilsson, and co-workers (for example, see references 28-32). Within density functional theory, core excited states can be determined through variational optimization of the state within the constraint of single occupancy of the core orbital. This Kohn-Sham self-consistent field (∆KS-SCF) approach includes all relaxation effects of the core hole and interaction of the excited-state with the molecular ion core. However, this method is not appropriate for spectral calculations due to the problem of optimizing higher excited states within separate Kohn-Sham calculations. The problem of optimizing individual states is avoided in the transition potential method. 33 In this approach, the ground and excited states are determined within a single calculation in which the core level has half an electron removed. This describes a balance between final and initial states.
An alternative approach is to use time-dependent density functional theory (TDDFT). TDDFT is well established as a method for studying valence excited states and computing electronic spectra. 34 Within the Tamm-Dancoff approximation (TDA) 35 of TDDFT, excitation energies and oscillator strengths are determined as the solutions to the eigenvalue equation
The matrix A is given by where K is the coupling matrix
The convention of i, j,... denoting occupied orbitals and a, b,... denoting virtual orbitals is adopted, while σ and τ are spin indices. X describes the linear response of the Kohn-Sham density matrix in the basis of the unperturbed molecular orbitals, i are the orbital energies, ω are the excitation energies, and E XC is the exchange correlation functional. Application of standard TDDFT methodology to the problem of the computation of XAS is problematic as these excitations comprise the highest lying excited states. Within TDDFT/TDA excitation energies are evaluated as the eigenvalues of the matrix A, eq 1. In most modern codes, the diagonalization of A is achieved through the iterative scheme of Davidson. This is efficient for valence states, but computation of core-excited states will require the full A matrix to be constructed and diagonalized. This results 
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in the computation of core excitation energies being computationally prohibitive. A solution to this problem is to perform the TDDFT calculation within the subspace of single excitations involving excitations from the relevant core orbital(s). One advantage of this approach is that it includes the coupling between the different singly excited configurations, and it has already been shown to work well for XAS by Stener and coworkers, who have applied it in the study a number of systems. [36] [37] [38] [39] Our implementation is described in more detail elsewhere. 40 Within this scheme excitation energies can be computed within a reduced single excitation space. The following equation is solved where and {ı j} and {a j} are subsets of occupied and virtual orbitals, respectively. For the study of molecules adsorbed on surfaces, it also can be beneficial to impose restriction within the virtual space. Virtual orbitals associated with the cluster do not provide an accurate representation of the extended surface and can lead to nonphysical bands in the computed spectrum. Furthermore, their removal also can reduce the computational cost of the calculations. Identification of these orbitals can be achieved through analysis of the molecular orbital coefficients of the virtual orbitals. 40 We recently used this methodology to study the excited states of CO on the Pt(111) surface 41 and the valence ππ* excitations of a range of molecules adsorbed on the Si(100) surface. 42 The success of this approach depends on there being negligible coupling between the excitations of interest and those excluded from the single excitation space and is well suited to the study of XAS.
A number of studies have reported calculations of XAS (and X-ray emission spectroscopy) of atoms and molecules adsorbed on copper surfaces. 33, [43] [44] [45] [46] These include acetylene, ethylene, and benzene. These calculations adopt SCF, static exchange (STEX), and DFT transition potential methods and use cluster models of the surface. For acetylene and ethylene, the calculations find a reduction in the intensity of the π* transition. In the case of acetylene, a pre-π* shoulder is predicted. It has also been shown that resonances arising from excitations to Rydberg states are strongly quenched on adsorption. 47 In this paper, TDDFT is used to study the polarized carbon 1s XAS of acetylene, ethylene, and benzene adsorbed on Si(100). We focus on discrete states below the ionization limit and use finite clusters to model the surface. The approach used here is not suitable for the study of the continuum states, although TDDFT can be extended to describe the electronic continuum. 48 However, the discrete virtual states are closely related to the continuum cross-section and can provide some insight into their nature. Polarized spectra are reported for gasphase and adsorbed species, and the relationship between the spectral features and the molecular structure is investigated. All calculations use the Q-Chem software package, 49 except were indicated. All structures used in this study have been optimized at the B3LYP/6-31G* level of theory. Table 1 shows the computed carbon 1s f π* excitation energies for acetylene, ethylene, and benzene with several exchange correlation functionals. The calculations include excitations from the 1s orbitals of all carbon atoms. The computed excitation energy is sensitive to the choice of functional. Pure Hartree-Fock exchange (CIS) predicts an excitation energy over 25 eV higher than the generalized gradient approximation (GGA) functionals BLYP 50,51 and EDF1. 52 As expected, the hybrid functionals, B3LYP 53, 54 and B3PW91, 55 predict intermediate values that are closer to the GGA functionals. B3LYP gives a value of 275.9 eV, which is about 10 eV lower than the experimental value. Improving the quality of the functional through the addition of an asymptotic correction 56 has little effect on the 1s f π* excitation energy as this affects primarily the Rydberg states. The B3LYP+CS00 functional 57 gives a value of 276.3 and 275.3 eV for acetylene and ethylene, respectively. This calculation with the B3LYP+ CS00 functional was performed using the NWCHEM software package 58 and uses the full single excitation space. The value for benzene is not reported because of the size of the calculation. However, the introduction of the truncation introduces an error of less than 0.01 eV. This illustrates the validity of eq 4 for the calculation of XAS. The calculated oscillator strength is more sensitive to the truncation. Large errors in the 1s f π* excitation energies obtained with the B3LYP functional have been observed previously. 59, 60 It also was shown that core excitation energies calculated with a "half and half" functional with 50% Hartree-Fock exchange were in much better agreement with experiment. Table 1 shows 1s f π* excitation energies computed with the half and half functional that is similar to the standard B3LYP functional where HF, B, and S are Hartree-Fock, Becke, 50 and Slater 60 exchange functionals, respectively, and LYP 51 and VWN 62 are correlation functionals. In agreement with previous work, 59 there is a significant improvement in accuracy. There is also an increase in the predicted oscillator strength. However, the excitation energies remain underestimated. Table 2 shows the sensitivity of the excitation energies computed with the BH 0.50 LYP (7) functional to the basis set and indicates that there is little dependence on the basis set.
Effect of Exchange-Correlation Functional and Basis Set
To improve the agreement with experiment further, the fraction of HF exchange in the hybrid exchange-correlation functional has been optimized to predict the experimental 1s f π* excitation energies of acetylene, ethylene, and benzene. This yielded the following functional Table 3 shows computed 1s f π* excitation energies for a range of molecules with the B3LYP, BH 0.50 LYP, and BH 0.57 LYP functionals. The mean absolute deviation of the computed excitation energies from experiment is reduced from 12.3 eV for B3LYP to 2.5 eV for BH 0.50 LYP and to 0.72 eV by BH 0.57 LYP. This demonstrates that although the functional has been optimized for acetylene, ethylene, and benzene, it does work well for a range of molecules.
While this functional is successful in predicting the 1s f π* excitation energies, it is likely to be less accurate for Rydberg states. This is because of the absence of an asymptotic correction, which is currently unavailable within our code. However, the increased proportion of HF exchange should improve the description of Rydberg states. Nakata et al. have developed also a functional, denoted CV-B3LYP, which is designed to describe core and valence excitations by varying the proportion of HF exchange in the functional. This functional has also been extended to describe Rydberg states. 60 In the methodology used here, there are no valence excitations, so there is no need for such a combined functional. The performance of the BH 0.57 LYP functional on the wider set of molecules is similar to the CV-B3LYP functional for basis sets of comparable quality to 6-31+G*. The accuracy of the CV-B3LYP functional with large basis sets approaches that of the unrestricted generalized transition state method. 63 The accuracy of the BH 0.57 LYP functional could be improved through the use of larger basis sets and a more detailed parametrization using a wider set of molecules. However, the functional in its current form provides a computational cheap and accurate platform for studying XAS that can be applied to chemisorbed molecules, and the BH 0.57 LYP functional with the 6-31+G* basis set was used in this study. Figure 2 shows the computed total and x, y, and z-polarized spectra for acetylene, ethylene, and ethane. For all spectra, the C-C bond lies along the x-axis, and for ethylene the hydrogens lie in the xy plane. Spectra are generated by representing each computed electronic transition by a Gaussian function. It is necessary to choose a bandwidth for the Gaussians. For acetylene, ethylene, and ethane, a full width at half-maximum (fwhm) of 0.6 eV was used and for benzene a value of 0.4 eV was used. Also shown are experimental spectra adapted from ref 64 . In this region of the spectrum, there is a large number of electronic excitations, however only a small number have significant intensity leading to the observed bands. In the current study, no attempt is made to model the broad continuum resonance observed at higher energy. Analysis of the transition dipole moments allow the theoretical spectrum to be decomposed into x, y, and z-polarized spectra. The assignment of the bands also is depicted in Figure 2 .
Gas Phase
The computed spectrum for acetylene is in good agreement with experiment. It is well known that the most intense band arises from excitation to the π C-C / orbital. The calculations are consistent with this and the π C-C / band is computed to lie at 285.7 eV. This band occurs in the y and z-polarized spectra. The core carbon 1s orbitals form symmetric (1σ g ) and antisymmetric (1σ u ) combinations. Analysis of the spectra shows the intense excitation to be a 1σ u f 1π g * transition. At higher energies, the calculations predict further bands at 288.4 and 290.2 eV arising from excitation to 3s and 3p Rydberg states. These bands also agree well with experiment. The polarized spectra show two types of Rydberg 3p excitation. The bands that appear in the y-and z-polarized spectra arise from excitation to 3p orbitals that lie perpendicular to the molecular axis and the band in the x-polarized spectrum to the 3p orbital parallel to the molecular axis. These can be denoted as 1σ g f 3p π and 1σ u f 3p σ excitations.
The computed spectrum for ethylene is qualitatively similar to acetylene. The spectrum is dominated by the π C-C / band at 284.5 eV. For ethylene, this band occurs only in the z-polarized spectra, and the resultant band is less intense. Like acetylene, this band corresponds to excitation from the 1σ u orbital. The computed spectrum shows an intense band at approximately 288.6 eV arising predominantly from excitation to a 3p Rydberg state. On comparison with experiment, this band appears about 1.5 eV too high. Alternatively, the calculations may underestimate the intensity of the 3s band. A similar pattern was found in one particle Green's function calculations. 28 This error may be associated with the exchange-correlation functional, which has not be designed to describe Rydberg states. The TDDFT calculations compare well with genuine ab initio calculations. Broken line: experimental spectrum. 64 In the open-shell electron attachment equations-of-motion coupled cluster calculations of Nooijen and Bartlett, the 1s f π* excitation energies of acetylene and ethylene were predicted with an error of less than 0.2 eV, 65 while larger errors of up to 0.75 eV were reported in multireference configuration interaction calculations. 66 These methods do provide a more accurate description of the Rydberg states but cannot be used readily to study the molecules adsorbed on a surface. The computed spectral profile for ethane is significantly different from those of the unsaturated hydrocarbons. The spectrum is no longer dominated by the π C-C / resonance, which is absent. The peaks at low energy arise from excitations to Rydberg states of s and p character. The assignments of these bands has been discussed in detail in the literature. [67] [68] [69] The small shoulder on the low-energy side of the band at 288.4 eV in experiment is not evident in the computed spectrum. However, this can assigned to the 3s Rydberg state. The band at 291.4 eV arises from σ C-H / and σ C-C / excitations. This band is considerably broader in experiment, since it lies close to the threshold ionization energy. For acetylene and ethylene, the σ C-C / excitations are predicted to lie in the continuum resonance at 301.7 and 296.1 eV, respectively. The trend in the computed σ C-C / excitation energies shows a significant decrease with increasing bond length, which is consistent with experiment, 10 although the σ C-C / excitation energies of acetylene and ethylene are significantly higher in experiment. Figure 3 shows the computed and experimental 22 XAS spectrum for benzene. In the calculations, benzene lies in the xy plane. The XAS spectrum is dominated by the 1s f π* band with weaker bands corresponding to Rydberg transitions evident at higher energy. The precise nature of these states has been the subject of some discussion. 20, [70] [71] [72] The π* band is computed to lie at 285.1 eV and appears in the z-polarized spectrum, which is consistent with benzene lying in the xy plane. In experiment, several distinct bands are evident at higher energy. The calculations predict significant intensity only for Rydberg 3p states. This discrepancy is similar to ethylene and may indicate deficiencies in the description of the Rydberg states.
Overall the calculations provide a good description of the experimental spectra. With the modified exchange-correlation functional, the computed 1s f π* excitation energies are of comparable or superior accuracy than other theoretical approaches. Excitation energies for Rydberg states are less reliable, but these states are less important for the adsorbed species. For acetylene, ethylene, and benzene, intense π* excitations are observed with weaker bands corresponding to Rydberg excitations lying at higher energies below the ionization limit. The ethane spectrum is different because there is no vacant π* orbital, and low lying excitations correspond to Rydberg excitations. Bands arising from σ C-C / and σ C-H / excitations are observed. Consequently, the methodology provides a suitable framework to study the XAS of the adsorbed species.
Acetylene on Si(100)
In experiment, the XAS spectrum of acetylene on Si(100) shows three distinct bands below the resonance continuum. These bands are found at 283.8, 286.7, and 288.4 eV and have been assigned to π C-C / , σ Si-C / , and σ C-H / transitions, respectively. 19 The computed spectrum for acetylene adsorbed on the Si 9 H 12 model of the Si(100) surface is shown in Figure 4 . For this cluster, the predicted C-C and Si-Si bond lengths are 1.36 Å and 2.37 Å, respectively. These are consistent with the experimental estimates of 1.32 -1.37 Å and 2.44 ( 0.58 Å. 73 Excitations from both carbon 1s orbitals are included in the calculations. Spectra are generated with a fwhm of 0.4 eV. A number of bands are evident in the spectrum. The most intense band corresponds to the 1s f π C-C / excitation. The π C-C / band is predicted to lie at 284.2 eV, close to the experimental value of 283.8 eV. 19 This represents a red-shift of 1.5 eV from gas phase and lies close to the gas-phase value for ethylene of 284.5 eV. This red-shift is a consequence of the lengthening of the C-C bond on adsorption. This shift is a little smaller than the shift of 2 eV observed in experiment. In calculations of acetylene on the Cu(110) surface, the π C-C / band was computed to lie at 285 eV. 46 The π C-C / band occurs only in the y-polarized spectrum indicating that the C-C bond lies parallel to the silicon dimer axis.
Two bands at higher energy also are evident in the calculated spectrum. These are computed to lie at 287.0 and 288.4 eV and arise from σ Si-C / and σ C-H / excitations. The polarized spectra are consistent with these assignments. The σ C-Si / and σ C-H / bands are evident in x-and z-polarized spectra. The presence of the σ C-H / band in the z-polarized spectrum is a result of the hydrogens no longer lying along the C-C internuclear axis after adsorption. Excitations to Rydberg states are less prominent in the spectrum for adsorbed acetylene. This is consistent with previous calculations that predict Rydberg states of n-octane to be quenched on adsorption. 47 
Ethylene on Si(100)
Once ethylene is adsorbed on the Si(100) surface, there is no longer a vacant π* orbital and its spectrum has many of the characteristics of gas-phase ethane. The experimental spectrum of ethylene on Si(100) is dominated by a broad resonance at 291 eV, which is assigned to the σ C-C / excitation. At lower energies, resonances corresponding to σ Si-C / and σ C-H / are observed also at 285.3 and 286.5 eV, respectively. 18 Figure 5 shows the computed carbon 1s XAS spectrum of ethylene on the Si 9 H 12 cluster in two orientations. Excitations from the two carbon 1s orbitals are included. Including excitations to all virtual orbitals leads to appearance of large resonances that correspond to excitation to orbitals associated with the Si 9 H 12 cluster. These excitations are an artifact of the cluster surface model and do not correspond to excitations that would be observed in experiment. To remove these excitations, a virtual orbital is included in the reduced virtual space, {a j}, if the sum of the square of the normalized molecular orbital coefficients of the basis functions of the acetylene carbon and hydrogen atoms and the silicon atoms of the cluster bonded to acetylene is greater than 0.2. Spectra are represented using a fwhm of 0.6 eV.
In the first configuration, the C-C bond lies along the x-axis parallel to the surface dimer and has C 2V symmetry. The spectrum has three distinct bands at 286.7, 288.6, and 291.1 eV. Analysis of the molecular orbitals shows the low-energy band arises from excitation to the σ Si-C / orbital. This band is evident in x-and z-polarized spectra, which is consistent with this assignment. The computed excitation is higher than the value determined in experiment. This feature is computed to lie at a similar energy to the corresponding excitation for acetylene. Experiment predicts the σ Si-C / excitation to be lower in energy for ethylene. The broad feature at 291 eV has contributions from several transitions. The largest component occurs at 291.1 eV and corresponds to the σ C-C / excitation. This excitation only occurs in the x-polarized spectrum; this is a result of the constraint of C 2V symmetry. A small feature in the y-polarized spectrum is evident at this energy, but this arises from a different transition. The predicted excitation energy is close to the value of 291 eV from experiment. The σ C-C / excitation energy is predicted to be 291.4 eV for gas-phase ethane. The C-C bond length of the adsorbed ethylene is 0.04 Å longer than gas-phase ethylene. The shift in the σ C-C / excitation energy is consistent with the observed strong dependence of σ C-C / excitation energy with C-C bond length. 10 Other contributions to this band arise from a mixture of excitations, including excitation to orbitals largely localized on the cluster and also to ethylene Rydberg orbitals.
Experiment shows the C-C bond of ethylene to be twisted with respect to the Si-Si dimer axis. 18 The cluster models used in this work provide an approximate description of the extended surface. Structural effects that arise from the extended nature of the surface, including adsorbate-adsorbate interactions, will not be captured using such models. To model the true experimental structure more closely, a second configuration in which the C-C bond is twisted with respect to the surface dimers is considered. This is the fully optimized structure and has a dihedral angle between the two carbon atoms and the two silicon atoms at the top of the cluster of 9.5°. The shape of the computed spectrum is similar to the C 2V configuration. The location of the σ C-Si / band is similar to the more symmetric configuration at 286.9 eV. The broad feature at 291 eV has a significant contribution from the σ C-C / excitation. However, for the twisted C 2 configuration this feature is clearly evident in the y-polarized spectrum.
Benzene on Si(100)
The computed spectra for benzene on the Si 9 H 12 cluster in butterfly and tilted bonding configurations are shown in Figure  6 . Both spectra show an intense peak arising from 1s f π* excitations with a smaller peak at about 2 eV higher in energy, which is consistent with experiment. 26 The π* bands arise from excitation from the 1s orbitals associated with the carbons not bonded to the surface. For the butterfly configuration, the π* band is clearly evident in z-and y-polarized spectra and for the titled configuration it is evident in all polarized spectra; this reflects the low symmetry of the adsorbed benzene molecule in the tilted configuration. The predicted 1s f π* excitation energies are 285.0 and 284.5 eV for the butterfly and tilted configurations, respectively. This suggests the location of the π* band is sensitive to the adsorption geometry. Experiment predicts a value of 284.8 eV for the butterfly configuration. The theoretical results are very close to the experimental value. It is worth noting that the predicted value for the butterfly configuration is closer to experiment. However, reliable predictions at this level of precision are probably beyond the current methodology. The smaller band at higher energy has been assigned to the σ C-H / transition. 25 In our calculations, this band appears predominantly in the z-polarized spectrum, which is inconsistent with this assignment. The calculations show this band to arise from excitation from the 1s orbitals of the carbon atoms bonded to the surface to a mixture of the σ Si-C / and π* orbitals.
Conclusions
A TDDFT formalism has been applied to study the polarized carbon 1s XAS of some prototypical hydrocarbons in gas phase and adsorbed on the Si(100) surface in the region of the spectrum below the ionization threshold. With standard functionals, such as B3LYP, the computed excitation energies are much lower than experiment. However, increasing the amount of HF exchange in the functional leads to a much better agreement with experiment. In this work, we have used a hybrid functional that has been optimized to give accurate 1s f π* excitation energies. The surface has been modeled using a small cluster model. This surface model should capture the dominant effects, although some effects of an extended surface model, such as adsorbate-adsorbate interactions will be neglected. However, the methodology used here could be extended to study larger extended surface models.
In gas phase, the spectra of acetylene, ethylene, and benzene are dominated by intense 1s f π* bands with weaker bands at higher energies arising from excitation to Rydberg states. The spectrum for ethane shows bands arising from Rydberg states at low energies with a more intense band arising from σ C-H / and σ C-C / excitations. The computed spectra reproduce experiment well, in particular for valence excitations. For ethylene and benzene, larger discrepancies are found for the Rydberg bands. This is likely to be associated with the asymptotic form of the functional, which is not suited for this type of excitation.
The spectra for the adsorbed species are significantly different from the gas phase. This is largely associated with the change in hybridization of the carbons. The spectrum of acetylene on the surface has the characteristics of the gas-phase spectrum of ethylene, while the spectrum of ethylene on the surface resembles the gas-phase spectrum of ethane. The π* excitation for acetylene on the surface is 1.3 eV lower than is gas phase, which is close to the value for ethylene in the gas phase. The Rydberg bands observed in the gas-phase spectra are less evident in the spectra for the adsorbed molecules. However, additional bands at lower energy corresponding to σ Si-C / excitation can be distinguished. Benzene adsorbed on the surface has intense π* bands that arise from core orbitals localized on the carbons not bonded to the surface. The location of the π* band is sensitive to the binding geometry. At higher energy lies a band that can be associated with excitation from the 1s orbitals of the carbon atoms bonded to the surface to a mixture of σ Si-C / and π* orbitals. The calculations are consistent with recent experimental work and show that careful analysis of the polarized spectra can provide information on specific details of the bonding geometry. This shows that experimental XAS studies in conjunction with theory provides a useful structural probe.
